Introduction {#sec1-1}
============

Yoga is known to have immense physical and mental health benefits. It is important to understand muscle activation patterns and performance in terms of the kinematics of the body and duration of stay in final posture during Yogasanas. Standardization and quantification of Yogasanas are important as different schools of Yoga have developed its own guidelines. Moving the body in various positions and orientations needs the support of muscles. Substantial muscle activity can be observed during muscle contraction or relaxation, which can be used for monitoring the correctness of Yogasana in terms of stability and steadiness.

In the field of Yogasana analysis, people have done significant research on performance analysis by obtaining biomechanical signals using Inertial Measurement Units, a combination of accelerometers (ACCs) and gyroscopes, mounted on various parts of the human body. Most of the signals obtained through body motion analysis have been shown to be both nonlinear and nonstationary, but few efforts have been made in the past to quantify the performance in terms of muscle behavior.\[[@ref1]\] The surface electromyography (sEMG) analysis methods suggested for other exercises cannot be used to analyze the Yogasana because, in most asanas, the final posture involves no motion at all, i.e., once the final posture is attained, the body is expected to be a steady and stable state. Thus, the need for a method to quantify the performance of Yoga in terms of muscle activity has been identified.

While performing Yogasana, the body should be in correct posture and it can be measured with ACC or gyroscope-based sensors. At present, ACCs are the most commonly used sensors because of their versatility, portability, and ease of use. ACC sensors provide kinematic information based on measurement of acceleration.\[[@ref2]\] ACC signal features are used to distinguish between relative motion of body parts for each transformation pose and to analyze the smoothness with which the exercise was performed.\[[@ref1]\]

ACCs are effective in differentiating between static activities such as sitting and standing from remarkably dynamic ones such as running, jumping, and dancing. However, ACC sensors have inherent limitations in differentiating between an active versus passive performance of a movement. On the other hand, sEMG sensors are sensitive to muscular activity and thus help in differentiating an active movement from a passive one.\[[@ref2]\] The technique of sEMG study in the field of sports and ergonomics is gaining in popularity. EMG is currently the most practical way of assessing the extent to which a muscle is working (although it has some limitations).\[[@ref3]\]

In this study, a yogic exercise named Trikonasana \[[Figure 1](#F1){ref-type="fig"}\] was chosen for comparative analysis based on sEMG and ACC signals recorded from an expert. The expert chosen as the reference has been practising Yoga since 3 decades.\[[@ref4]\] The repeatability of the result was checked by taking sEMG signal data three times in a month having 10 days' interval for 3 trials every time.

![Trikonasana final posture](IJY-12-240-g001){#F1}

The purpose of this study was to identify a mathematical method to analyze the muscle performance during Yoga. For validating the method suggested, Trikonasana was considered as it does not require a lot of expertise to perform. People with limited or no prior Yoga practice can perform this asana without much difficulty.

Materials and Methods {#sec1-2}
=====================

Participants {#sec2-1}
------------

The study was performed in Biomechanics lab, Indian Institute of Science (IISc), Bangalore. Participants of this study were 31 healthy untrained volunteers (22 males and 9 females) and 1 trained expert. Individuals with a history of back pain, shoulder, or neck injuries were excluded from this study. Written consent from all 32 participants was taken as approved by Human Ethics Committee, IISc. [Table 1](#T1){ref-type="table"} lists the details of the participants.

###### 

Details of participants

  Variable                       Trained   Untrained
  ------------------------------ --------- -------------
  Number of participants (*n*)   1         31
  Age (year) mean±SD value       57        33.1±11.54
  Weight (kg) mean±SD value      64        64.96±10.06
  Height (cm) mean±SD value      165       168.67±9.29

Experimental setup {#sec2-2}
------------------

The primary muscles involved while doing this asana are sternocleidomastoid (SCM), abdominal oblique, latissimus dorsi, quadriceps femoris, and medial hamstring.\[[@ref5]\] To obtain quality sEMG signals, skin preparation is essential as mentioned in [Figure 2](#F2){ref-type="fig"}. Sensors were placed\[[@ref6]\] at 4 anatomical centers as shown in [Figure 3](#F3){ref-type="fig"}, corresponding to SCM and abdominal oblique major muscles to be constantly active. The sensors were placed so that the electrodes ran parallel to the muscle fibers.

![The sequence of steps followed while electromyography data acquisition](IJY-12-240-g002){#F2}

![Schematic representation of the location of surface electromyography and accelerometer sensors, where X and Y represent the axis direction of the accelerometer. Z axis is into the plane of the paper](IJY-12-240-g003){#F3}

Delsys EMG Trigno™ Wireless Systems equipment was used for the data collection with Smart Sensors connected to a PC running EMGworks® 4.3.2 software (DELSYS). The material of electrodes is made up of 99.9% silver. Sampling rates of the EMG and the ACC were 2000 Hz and 148.1 Hz, respectively. Sensors should be placed on correct muscle group to avoid cross talk.\[[@ref7]\] Before placing the sensors, the skin area was cleaned with 70% v/v isopropyl alcohol, and if necessary, the area was also shaved to minimize skin impedance.\[[@ref8]\]

Methodology flow chart {#sec2-3}
----------------------

### Procedure {#sec3-1}

The steps involved while performing Trikonasana are as follows \[[Figure 4](#F4){ref-type="fig"}\]: stand upright and maintain 3--4 ft between the feet. Raise both hands to shoulder level, with palms facing the ground. Parallelly turn right foot 90° outward and left foot to 45° in. Bend upper body toward the right side without bending the back forward or backward and rest the right hand on shin/ankle. Turn head gently and keep gazing at the tip of the left palm. Maintain the position for at least 30 s while breathing normally. Repeat the same procedure on the left side. In this study, Trikonasana was first performed to the right side of the body and then to the left side. The neck is turned to the left during the right side posture and vice versa \[[Figure 1](#F1){ref-type="fig"}\].

![Steps involved during Trikonasana](IJY-12-240-g004){#F4}

Before conducting the experiments, each individual was given clear instructions about Trikonasana and a video clip of expert performing the asana was shown to all participants. They were asked to practice the asana until they were comfortable with the asana, and necessary feedback was given. Each participant was made to perform 3 trails, and the data were recorded. The data were recorded for approximately 90 s, and individuals held their final position for 20 s.

Data analysis {#sec2-4}
-------------

The behavior of SCM and abdominal oblique muscles was analyzed with sEMG and ACC data. Initially, raw sEMG signals were filtered with sixth-order bandpass Butterworth filter (cutoff frequency 20--150 Hz\[[@ref9]\]) to attenuate noises, followed by calculation of root mean square (RMS).\[[@ref10][@ref11]\] RMS value of sEMG signal represents overall muscle activity and muscular tension\[[@ref12]\] (provided muscle is not fatigued). The amplitude of sEMG signal was approximately proportional to force produced by the underlying muscle group, and it is used to compare the muscle effort applied by individuals to perform Trikonasana.\[[@ref13]\]

For comparing sEMG signals among different individuals, the signal should be normalized.\[[@ref4]\] sEMG signals were normalized with respect to different parameters such as height, weight, limb girth, and neck girth\[[@ref14]\] of the person. Most suitable parameter on which the data to be normalized was chosen by considering the relative shift of plots from zero references. From the parameters mentioned above, the weight of the person gave good results, as the shift of graph from zero was within 10% for all the individuals. sEMG signal for Trikonasana performed by an expert is as shown in [Figure 5](#F5){ref-type="fig"}.

![(a) Example of raw surface electromyography and root mean square signals of the left sternocleidomastoid obtained for expert performed on the right. (b) Example of raw surface electromyography and root mean square signals right sternocleidomastoid obtained for expert performed on the left. (c) Example of raw surface electromyography and root mean square signals of the left abdominal obliques obtained for expert performed on the right. (d) Example of raw surface electromyography and root mean square signals of the right abdominal obliques obtained for expert performed on the left](IJY-12-240-g005){#F5}

Statistical analysis {#sec2-5}
--------------------

For analysis, the data recorded for 20 sec hold time during final posture was fit to a line using Linear Regression analysis with Statistics and Machine Learning Toolbox in MATLAB. This analysis uses the linear least square fitting method to find the best fitting line for a given set of data points by minimizing the sum of squares of the offsets,\[[@ref15]\] i.e., minimize (R^2^) refer equation (1).

For a sample data containing *n* data pairs (*x*~i~, *y*~i~), i = 1, *2*,.... *n* and model function *f* (x~i~, a~0~, a~1~), the squared residual (*R*^2^) is given by,

*R*^2^ = (*y*~i~ − *f*\[*x*~i~,*a*~0~,*a*~1~\]^2^) (Equation 1)

The equation of straight line in x-y plane for linear fit is given by,

*f* (*x*,*a*~0~,*a*~1~)=*a*+*a*~1~*x* (Equation 2)

Where, a~1~= slope of the line (regression coefficient), a~0~= y-intercept. y-axis data are that of sEMG signal and x-axis contains corresponding time \[[Figure 5](#F5){ref-type="fig"}\].

The slope (a~1~) of the line directly corresponds to variations in amplitude while performing Trikonasana, through which muscle firing patterns can be analyzed. Ideally, the expected value of the slope is zero, which means that amplitude of sEMG signal is constant \[[Figure 6](#F6){ref-type="fig"}\]. Constant amplitude suggests that individuals maintained the asana in steady and stable state because these are the main characteristics of correct posture. If the slope is \>0, it indicates that the amplitude of muscle firing is increasing with time, if it is −1 or \<0, it indicates that the amplitude of muscle firing is decreasing with time, and if it is 0, it indicates that the muscle effort is constant. This method helps us interpret the muscle effort applied along with steadiness and stability of the individuals during hold time in final posture.

![Root mean square signal of surface electromyography signal obtained during Trikonasana for expert (a and b) and individual 4 (c and d). Data points in 20 sec hold time are fit to a straight line. Bar graph represents the percentage of muscle activity](IJY-12-240-g006){#F6}

Results {#sec1-3}
=======

The sEMG signals observed for untrained individuals were significantly different from that of the expert. As discussed previously, the amplitude of the sEMG signal increases with an increase in active tension in the underlying muscles.\[[@ref16]\] For neck muscles, by observing amplitude of the sEMG signals, we can infer significantly higher muscle activity for the right SCM \[[Figure 5b](#F5){ref-type="fig"}, time: 30--50 s\] than for the left side \[[Figure 5a](#F5){ref-type="fig"}, time: 30--50 s\]. This indicates that muscle effort in the right SCM muscle was high when the neck was turned to the left. Opposite results are observed when the neck was turned to the right side \[[Figure 5a](#F5){ref-type="fig"} time: 65--85 s\].

However, in case of abdominal oblique muscles, the right oblique activity is observed \[[Figure 5c](#F5){ref-type="fig"} time: 30--50 s\] while bending to the right side as right obliques was in contraction and the left oblique activity was observed \[[Figure 5d](#F5){ref-type="fig"} time: 65--85 s\] while bending to the left side.\[[@ref9]\] Qualitatively, we can infer from the graph that muscles were active continuously over the 20 s period when the body was in final posture \[[Figure 5](#F5){ref-type="fig"} time: 30--50 s and 65--85 s\].

The amplitude of the graph differs from person to person as it depends on how strong or weak that muscle is. For the same body motion, a person with strong muscles generates sEMG signals with higher amplitude than that of a person with weak muscles.\[[@ref17][@ref18]\] Furthermore, the presence of body fat decreases the amplitude of sEMG.\[[@ref19]\]

It is difficult to maintain the ideal value of zero slopes in the final static position because even slight movements generate sEMG signals. For an expert, the slope value falls within the range of −0.4 to +0.4, which means the best fit line makes an angle in the range of ±22° with respect to x-axis \[[Figure 6](#F6){ref-type="fig"} bar graph\]. To be able to say that the performance of the asana was smooth, the value of slope for the other individuals was expected to lie around or within this range. Along with slope, we also considered average of sEMG amplitude for analysis \[[Figure 6](#F6){ref-type="fig"} bar graph\]. The slope values for expert and individual 4 are given in [Table 2](#T2){ref-type="table"}. Similarly, such slope values are available for all individuals and are not presented in [Table 2](#T2){ref-type="table"}.

###### 

Value of slopes for the best fit line during 20 s hold in final posture

  Individual          Muscle    Sensor placed left   Sensor placed right             
  ------------------- --------- -------------------- --------------------- --------- ---------
  1 (expert)          SCM       0.447                −0.3309               −0.2394   0.19
  Abdominal oblique   −0.0997   −0.3387              0.087                 0.3443    
  4                   SCM       −0.2274              −2.2476               −4.273    −0.2579
  Abdominal oblique   −0.9227   −3.419               −5.6423               −2.2538   

SCM=Sternocleidomastoid

Mean amplitude value of sEMG signal was taken to find the percentage of muscle activation while performing Trikonasana to the left and right side of the body. This method was used only for interpreting sEMG signals of neck muscle. In [Table 3](#T3){ref-type="table"}, column 1 denotes the muscle activity in the left SCM muscle as a percentage of that of the right SCM when the neck was turned to the right. Similarly, column 2 denotes the muscle activity in the right SCM muscle as a percentage of that of the left SCM when the neck was turned to the left.

###### 

Percentage of muscle activity for neck muscles

  Individual\#   SCM   
  -------------- ----- ----
  1              40    38
  4              110   22

SCM=Sternocleidomastoid

For expert (individual 1), when the neck was turned to the left if the mean amplitude of sEMG in the right SCM is taken as 100% \[[Figure 6](#F6){ref-type="fig"} - bar graph\], only 40% of muscle activity (mean amplitude) was observed in the left SCM muscle. On the other hand, when the neck was turned to the right, if the mean amplitude of sEMG in the left SCM is taken as 100% \[Figure [6](#F6){ref-type="fig"} - bar graph\], only 38% of muscle activity (mean amplitude) was observed in the right SCM muscle.

[Table 3](#T3){ref-type="table"} gives a ratio of muscle activity (in terms of the mean amplitude of sEMG) observed when the neck was turned to the left and right side provided by Expert and individual 4; however, such values are available for all individuals and are not presented in the table. From [Table 3](#T3){ref-type="table"}, we can comment on the proportionate use of the left and right SCM for turning the neck.

We can infer from the result of above method that untrained individuals are using more muscle effort (based on amplitude analysis) to turn their neck. The steep rise of sEMG signals during initial stages of asana gives information about more muscle effort used by the individual to turn the neck \[[Figure 6d](#F6){ref-type="fig"} time: 20--25 s\]. The above inference can be validated by comparing the results of individual 4 with that of the expert. In [Figure 6](#F6){ref-type="fig"}, sEMG signals of neck muscle (SCM) for expert and individual 4 are shown. Let us look at the signals corresponding to the 20 s hold time; when the neck is turned left, the stretch is felt (range: 20--40 s). However, for individual 4 during left neck turn, instead of right side muscle, the left muscle is also active \[Figure [6c](#F6){ref-type="fig"} and [d](#F6){ref-type="fig"} time range: 20--40 s\]. The mean value of sEMG signal is taken for entire 20 s hold time in final posture and for muscle present on the same side (either left or right SCM); percentage of mean is calculated. In turning the neck right, the effort applied by the expert through his left SCM was 40% of that applied by his right SCM whereas the effort applied by individual 4 was 110% \[[Figure 6](#F6){ref-type="fig"} bar graph\]. Individual 4 is not using correct muscles to turn the neck while in final posture. The negative slope of the best fit line describes gradual decrease of muscle activity \[[Figure 6d](#F6){ref-type="fig"} time: 20--40 s and [Figure 6c](#F6){ref-type="fig"} time: 50--70 s\].

The muscle effort used by individual 4 during the initial stage of asana is more, and it has decreased in magnitude over time, so the negative slope of the line. This individual must optimize his movements and use of muscles while performing asana.

Referring to the ACC plots from [Figure 7](#F7){ref-type="fig"}, we observe that ripples of significantly higher strength are observed with individual 4 when compared with those from the expert. This behavior is attributed to the wiggling movement of the body. Furthermore, a decrease in slope is observed in the signal from individual 4 which is not the case with that from the expert. Both observations solidify the point that nonexperts tend to deliver a performance that is neither as stable nor as smooth as that from an expert.

![Acceleration signal obtained during Trikonasana for expert (a and b) and individual 4 (c and d). Red = Acceleration in the x-axis, Green = Acceleration in y-axis, Blue = Acceleration in the z-axis](IJY-12-240-g007){#F7}

ACC data were used for verifying the results obtained from analyzing sEMG signal. The objective of this paper was to introduce a method for analyzing sEMG while performing Yogasanas. Hence, we limit the ACC data analysis qualitatively.

Discussion {#sec1-4}
==========

In Yoga sutras, "asana" is defined as "sthirasukhamasanam" which means that posture should be steady, stable, and comfortable. In this paper, our study examines a method to analyze the sEMG signal while performing Trikonasana. The steadiness and stability of the person were quantified based on muscle activity. Linear regression analysis was used to fit the data points of final posture to a straight line. The value of the slope of the line \[[Table 2](#T2){ref-type="table"}\] along with the percentage of muscle activity \[[Table 3](#T3){ref-type="table"}\] can be used to distinguish a good asana from poorly performed one. The slope values in [Table 2](#T2){ref-type="table"} can be used to comment on stability and steadiness of the person while performing asana. Percentage of muscle activity represented in [Table 3](#T3){ref-type="table"} gives an idea about the effective use of left and right SCM muscle while turning the neck. The changes in the amplitude of sEMG plot indicate variations in muscular activity and unbalance in the body while performing asana. These types of changes lead to deviation in the slope of the line from zero. Videos of all the experimental trials were collected to compare the kinematics of the person during final posture with that of the ACC data.

From [Table 3](#T3){ref-type="table"}, we observe that individual 3 and individual 10 have optimally utilized the SCM muscle while turning neck to the left and right side. However, the magnitude of the slope is greater than zero, which means amplitude of sEMG signal is varying with time. This variation of slope suggests lack of stability of the individuals while performing the asana. From the sEMG plots for a few individuals, we observe the presence of impulse kind of response prevalent for a few seconds during the final posture. This may be due to forceful hold of the body.

The collaborative use of sEMG and ACC sensors for identifying the muscle performance while doing Yogasana has rarely been reported in the literature. In this study, we considered sEMG sensor as primary sensors for identifying whether the asana is performed and maintained correctly or not. We can use sEMG plot, the slope of the best fit line, and muscle activation pattern (percentage of muscle activity) for differentiating results among different individuals. However, there is also a need for ACC sensor to monitor the body kinematics.

Muscle recruitment pertaining to the asana was not stable during the hold of the final posture in novices whereas the muscle was expected to be in active state. The expert seems to be able to optimize the muscle recruitment at the right time and amplitude. This could reflect the learning patterns of the brain in optimizing the muscle activity during yoga keeping in mind the energy conservation principle.

The stability of the muscle recruitment reflects the ability of the nervous system to sustain a contraction at optimal levels for the duration of the asana. It may also reflect the muscular changes with respect to the fiber type and plastic changes that occur with long-term practice.

We see that the slope of the muscle recruitment is a distinguishing factor between expert and novice. We also see that achievement of the end points of the pose (Trikonasana) has been successful in all the participants of the study. However, the varying patterns of movement suggest different motor strategies in each individual. We propose based on the study a hypothesis that as the training progresses and the expertise increases, we should be able to see a predictable trend in the recruitment pattern of muscles. This would also suggest that for a given asana, it would be possible to predict the time and a normalized amplitude of movement that suggests expert achievement.

We suggest further studies to be conducted to test these hypotheses as well as correlate expert achievement with their stated therapeutic effects of Yoga. This study aimed to study the mechanics of Yoga both from a biomechanical as well as a motor control points of view and has succeeded in laying a foundational framework for future research in this area.

Limitations {#sec2-6}
-----------

Our study provides information on a limited set of muscles that were mounted with sensors. Although the behavior of muscles such as latissimus dorsi, quadriceps femoris, and medial hamstring was not included as part of this study, multiplying the number of sensors (both ACC and sEMG) placed on the body would help obtain the additional data required to integrate body kinematics with the sEMG data. Furthermore, we believe that an analysis of variations in muscle activity among individuals with muscular disorders can provide information on how they differ from normal behavior. Every possible precaution was taken to avoid cross talk among the muscles associated with the respective body movements. However, due to the inherent nature of the human muscular system to involuntarily work in a collaborative fashion, it cannot be assured that it was eliminated. As the muscles chosen in this study are quite large in size, it would be reasonable to claim that the effect of cross talk was minimal.

Conclusion {#sec1-5}
==========

The results suggested that the slope of the best fit line is a good metric for monitoring the muscle activity during Yoga performance. The slope can be used to differentiate a correct asana from one that is not performed correctly. This is a valid method for distinguishing an expert from a novice. This method can be extended for analyzing other asanas as well.
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